Introduction

30
The economically important genus Trichoderma (Hypocreales, Ascomycota, Dikarya) is well known 31 for its mycotrophic lifestyle and for the broad range of biotrophic interactions with plants and 32 animals. Moreover it contains several cosmopolitan species characterized by their outstanding 33 environmental opportunism. These properties have given rise to the use of several species in 34 agriculture as biopesticides and biofertilizers while T. reesei is utilized for production of bioenergy-35 related enzymes (1) . 36
The molecular basis for the opportunistic success of Trichoderma is not yet well understood. While 37 there is some evidence for a role of some secreted proteins (2, 3), less is known about a possible 38 role(s) of secondary metabolites. In this respect Trichoderma spp. are probably best known for 39 production of peptaibols, which are non-ribosomal peptides with antimicrobial and plant defense-40 stimulating activities (4). However, the role of polyketide synthases (PKS) Mycelia were harvested after two to four days of growth on PDA (Difco, Germany) at 28 °C and 155 genomic DNA was isolated using DNeasy Plant Mini Kit (Qiagen, Germany) following the 156 manufacturer's protocol. The mating type of the progeny strains was determined by PCR-157 amplification of mat1-1-3 and mat1-2-1 as described in Druzhinina et al. (25) respectively. 158
Furthermore, the progeny was screened for inheritance of pks4 gene using PCR primers PKS4-2fw 159 (TCATTATACACGGACTTT) and PKS4-1rev (TATAAGCCTGACTGTAGT) at following conditions: 1 min 160 of initial denaturation step at 94 °C followed by 30 cycles of 1 min denaturation at 94°C, 1 min of 161 annealing at 50 °C and 90s of extension at 72 °C. Final extension was carried out at 72 °C for 7 min. 162
The results were verified by qPCR with primer pair for pks4 gene listed in Table 1 under the  163 conditions described above. The cycle thresholds obtained for pks4 were compared to the tef1 164 housekeeping gene. 165
Mycoparasitic potential 166
The mycoparasitic ability of T. reesei QM 6a and the two pks4 deletion mutants was assessed by 167 dual confrontation tests against the plant pathogenic fungi Rhizoctonia solani, Sclerotinia 168 sclerotiorum and Alternaria alternata (further named as 'hosts'). Agar plugs with fresh cultures of 169
Trichoderma and the host fungus were each placed on opposite sides of a PDA (BD Difco, Germany) 170 plate, 1 cm from the edge. The cultures were incubated at 28 °C for 10 days under the 12 h cyclic 171 light and darkness. The antagonistic potential was quantified as a percentage reduction of the 172 host's growth corrected for its growth when confronted with itself (the growth of antagonist 173 against itself was set up as a zero inhibition rate). 174
Production of volatile compounds (VOCs) 175
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The impact of pks4 gene on VOCs production was tested by "sandwich" culture assays. T. reesei 176 strains were first cultivated on the PDA plate for two days at 28 °C and were then sealed together 177 with a plate containing fresh plug of a host fungus so that host fungus was facing T. reesei from the 178 top. No hyphal contact was established between the two confronted fungi. The plates were co-179 cultivated at the same conditions for four days. The colony radii of the host fungi were measured 180 every 24h. 181
Production of water soluble compounds (WSCs) 182
WSCs were assessed by growing Trichoderma strains on the PDA covered by cellophane, which was 183 removed together with Trichoderma mycelium after 60 hours. Agar plugs of the host fungi were 184 then put in the middle of the plates and were cultivated for further four days under 12 h cycling 185 light and darkness and 28 °C. The colony radii of the fungi were measured every 24 h. Additionally, 186 the same experiment was performed when T. reesei was pre-grown under the same conditions as 187 
Results
222
Generation of pks4 knock out strains of T. reesei QM 6a 223
To generate pks4 knock out strains, a linear DNA construct was designed to replace the reading 224 frame of pks4 by a hygromycin B (hyg) selection marker under the T. reesei pki1 promoter via 225 homologous recombination (21). Transformants with the expected albino phenotype were picked 226 from plates and the deletion of pks4 was verified by PCR and by qPCR as described in Materials and 227
Methods. Two verified deletants, Δpks4-1 and Δpks4-2 were selected for further studies. 228 BIOLOG Phenotype microarray analyses verified that the phenotypes of both candidate strains are 229 consistent and similar to the parental strain ( The Δpks4 strains did not show any statistically significant difference in the intensity of conidia 245 production on PDA: after seven days QM 6a and Δpks4-1 and Δpks4-2 produced in average 9.03, 246 9.16 and 9.94 × 10 6 spores per cm 2 , respectively (ANOVA p> 0.05; Fig. 1c ). Spore size remained 247 unchanged (ANOVA p> 0.05; data not shown), however, the conidia of the deletion mutants 248
showed less mechanical stability against reduced air pressure (Fig. 1d) . 249
In order to test whether pks4 is solely responsible for conidial pigmentation, we crossed the Δpks4 250 mutants (which due to their QM 6a background possess MAT1-2; 27) with the T. reesei MAT1-1 251 strain CBS 999.97. In total 34 pure single spore strains were isolated from mature ascospores. 21, 252 10 and 3 cultures contained purely white, green and yellowish conidia, respectively. All strains 253 from the first generation progeny (F1) were screened by PCR for the mating types, and revealed 254 equal distribution (15 MAT1-2 and 18 MAT1-1) which was independent of the phenotype (Fig. S2) . 255
Specific pks4 primers were designed (Table 1 ) and used to test the F1 progeny for the presence of 256 pks4 gene. It was thereby found that all the strains with green conidia had indeed inherited the 257 wild-type gene, whereas the yellow and albino conidia phenotype did not contain pks4 gene (Fig.  258   S2 ). This proves that the loss of the conidial green pigmentation indeed is the direct cause of the 259 pks4 deletion and that this gene is involved in its production. The lack of green conidia pigmentation was also reflected in an increased sensitivity to UV light: 262 after seven minutes of UV exposure (see Materials and Methods for details) 64 % of green spores 263 survived, whereas only 8-20 % of white conidia were able to germinate ( Table 2 ). Prolongation of 264 exposure time (to 10 min) led to ca. 92 % reduction of germination for both Δpks4 mutants (Table  265 2) while germination of QM 6a was decreased only by 60 %. 266
Pks4 contributes to the development of the redish-brown color of fruiting bodies and 267 stroma 268
The wild-type morphology of the T. reesei teleomorph is conspicuous with perithecial openings 269 appearing as dark brown dots against the reddish-brown to brown background ( Fig. 2a-b; 36) . 270
Crossing of the two Δpks4 mutants with the MAT1-1 tester strain CBS 999.79, as described above, 271 produced stroma with fruiting bodies that were normally pigmented (Fig. S3) , and which ejected 272 viable and fertile ascospores. Crossings between the albino strains from progeny F1 described 273 above showed that the pigmentation of both stroma surface and perithecial openings was also 274 altered ( Fig. 2c-e, h-i) . Thus, the young stromata appeared to be white with slightly brownish dots 275 of perithecial openings (Fig. 2c, d) . However, the mature and over-mature teleomorphs developed 276 brown pigmentation of both stroma surface and perithecial walls and openings (Fig. 2d, e, h) . 277
Importantly, the surface of mature stromata was covered by whitish cirri that originated from 278 perithecial openings (Fig. 2e, h ). Microscopic investigation showed that these structures were 279 entirely composed of mature ascospores as some of them started to germinate (Fig. 2g) showed that the ability of T. reesei QM 6a to attack and inhibit growth of these fungi was reduced 285 in the Δpks4 mutants (Fig. 3a) by 37, 13 and 40 % respectively, for each host fungus. Interestingly, 286
there were no significant differences in the ability of QM 6a and the pks4 mutants to overgrow 287 their opponents, as can be observed for A. alternata and R. solani on the Figure 3a , and thus the 288 mycoparasitic ability was not affected. However, the difference was detected in respect to the 289 ability to protect against host's metabolites: in confrontations of QM 6a with A. alternata, S. 290 sclerotiorum and R. solani a narrow antibiosis zone was observed which is indicative of secretion of 291 metabolites toxic for T. reesei (Fig. 3b) . In case of QM 6a this zone was clear and thin while it was 292 clearly enlarged and displayed diffused borders in confrontations with the Δpks4 mutants 293 suggesting that metabolites secreted by other fungi penetrate the colonies of the deletion 294
mutants. 295
Pks4 affects the production of water soluble and volatile inhibitory compounds 296
In order to test whether the loss of pks4 is also reflected in an alteration of water soluble and 297 volatile metabolites produced by T. reesei, strain QM 6a and the two Δpks4 strains were grown in 298 (Fig. 4 showing R. solani as one example and Table S1), thus indicating that the pks4 deletion 303 mutants display an enhanced production of VOCs compared to QM 6a. 304
In contrast, the formation of fungicidal water soluble compounds (WSCs) by T. reesei was reduced 305 in the Δpks4 strains (Fig. 4b) . Interestingly, the secretion of WSCs by T. reesei QM 6a and the Δpks4 306 mutants was inhibited by the presence R. solani VOCs (no hyphal contact), and this effect was even 307 enhanced in the Δpks4 strains ( Fig. 4c ; Table S2 ). 308
Pks4 is influences the expression of other PKS-encoding genes during confrontation with 309 other fungi 310
Because of the impact of pks4 on the production of components inhibiting fungal growth, we were 311 interested whether the loss of PKS4 would impact other PKS-encoding genes in T. reesei. To this 312 end, we assessed their expression in QM 6a and the two Δpks4 mutants when confronted with R. 313 solani. Expression of pks genes was inspected both prior the contact and at contact of the hyphae 314 (Fig. 5) . The expression of two pks genes, pks3 (Trire2:105804) and pks7 (Trire2:65116), was not 315 detectable in the conditions of our experiments, also including confrontations of T. reesei QM 6a 316 and the Δpks4 strains to themselves. 317
The expression analysis of the remaining eight pks genes in Δpks4 mutants and QM 6a prior and at 318 the contact with the R. solani revealed striking changes in the patterns of transcript formation 319 depending on the stage of the interaction, respectively. Before contact, both QM 6a and the 320 mutants up-regulated four pks genes from the lovastatin/citrinin reducing clade I (pks1, pks2, pks6 321 and pks9; for protein ID see Table 1 and Fig. 5 ). Yet, contrary to pks9 (Trire2: 106272) and pks2 322 (Trire2: 65891), which were much higher expressed in QM 6a than in the mutants (Fig. 5a) and pks1 were strongly up-regulated in the two mutant strains (Fig. 5a) . The remaining two 324 reducing genes pks5 (Trire2:59482) from the clade of fumonisin-like synthases and the singlet 325 pks2S (Trire2:73618) as well as the non-reducing pks1S (Trire2:73621) were not influenced in QM 326 6a prior the contact with R. solani, but showed up-regulation in both mutants (Fig. 5a) . At contact 327 with R. solani the pattern was different: QM 6a down-regulated the majority of its pks genes 328 including pks9 and pks2 that were strongly up-regulated before the contact with R. solani (Fig. 5b  329 and 6a). Interestingly, the two singlet pks genes (pks1S and pks2S) were differentially down-330 regulated at the contact between the pks4 mutants and R. solani (Fig. 5b) , whereas they were 331 strongly up-regulated in QM 6a at this stage. 332
Most of the eight pks genes were down-regulated in the mutants, whereas two singlet genes, 333 pks2S that is a member of the lovastatin/citrinin clade and pks1S belonging to the non-reducing 334 clade III were up-regulated (Fig. S4) . 335
Discussion
336
In this paper, we functionally characterized the role of the polyketide synthase PKS4 in T. reesei. 337 pks4 belongs to the non-reducing clade I of fungal pks-encoding genes, which includes genes 338 associated with pigment production such as aurofusarin (7-9) or bikaverin (10, 11), but also DHN 339 melanin (12-19). While the former comprise substances of relatively low molecular weight, 340 melanins -the dark to black pigments -are of high molecular mass that derive from oxidative 341 polymerization of phenolic compounds (20, 37). Melanins are pigments that occur in all biological 342 kingdoms, and serve many functions such as defense against environmental stresses as UV light, 343 oxidizing agents and ionizing radiation, and they also contribute to fungal pathogenesis (38). An interesting consequence of pks4 loss of function that has not been reported with any other PKS 381 before was its effect on the expression of the other eight pks genes of T. reesei. During normal 382 growth in the absence of a competing fungus, all but two of these eight genes were significantly 383 down-regulated in the pks4 mutants. Since growth of the mutant strains and the wild type 384 occurred at the same rate, these differences are not the consequence of variable rates of nutrient 385 uptake. Furthermore, antagonistic interaction with R. solani revealed that loss of pks4 function 386 affected the expression of the other pks genes in different ways, some being up-regulated, some 387 down-regulated and some not affected. From these data we conclude that PKS4 -or rather the 388 on October 26, 2017 by guest http://ec.asm.org/ Downloaded from 20 function of its product in e.g. protection and defense against stress -is an important signal for the 389 expression of these pks genes. This is definitely an area that requires further investigations. 390
Loss of function of pks4 also led to a decreased synthesis of water soluble inhibitory components 391 by T. reesei, and it is tempting to speculate that they would be formed by one or more of the 392 affected PKSs. Since their expression was tested in the absence of other fungi, and they were all 393 found to be down-regulated (Fig. S4) , it is however not possible to predict which ones are the 394 responsible producers. In addition, these components could also be products of other enzymes, 395 such as non-ribosomal peptide synthases of which T. reesei has ten (59). 396
It was finally interesting to note that deletion of pks4 increased the production of volatile organic 397 compounds (VOCs) by T. reesei. The chemical nature of the VOCs from T. reesei has not been 398 identified yet, but their diversity from other Trichoderma spp. showed that they are composed 399 mainly of long aliphatic acids; and that they have alcohols and esters (60, 61), which are usually 400 products of fatty acid catabolism (62). Biosynthesis of these compounds may be favored by the 401 lack of PKS activity which results in an increased access to the cellular pools of acetyl-and malonyl-402
CoA. 403
The function of PKSs has so far mainly been investigated with respect to the role of their products 404 in human or plant pathogenesis. Our data show that PKS4 also influences several biological 405 functions in T. reesei which are not only related to the interaction with other organisms. 406
Transcriptomic analyses of T. reesei have recently shown that many pks genes are maximally 407 expressed during rapid vegetative growth (63-65), which is not a pattern that would be expected 408
for genes whose function is traditionally viewed as unrelated to growth ("secondary metabolites"). 
